The influence of additives on the molecular dynamics of the phospholipid dimyristoylphosphatidylcholine (DMPC) in its fully hydrated liquid crystalline phase was studied. Quasielastic neutron scattering (QENS) was used to detect motions with dimensions of some Ångstroms on two different time scales, namely 60 ps and 900 ps. The effects of myristic acid, farnesol, cholesterol, and sodium glycocholate could consistently be explained on the basis of collective, flow-like motions of the phospholipid molecules. The influence of the additives on these motions was explained by packing effects, corresponding the reduction of free volume. Cholesterol was found to decrease the mobility of DMPC seen on the 900 ps time scale with increasing cholesterol content. In contrast, all other studied additives have no significant effect on the mobility.
Introduction
The dynamics in phospholipid membranes connects to a variety of topical questions, ranging from the function of cell membranes [1] to the design of food products [2] or drug delivery systems [3, 4] . While additives are used to control the mobility accurately in the cell membrane by the organism to ensure proper functioning, they are regarded as a tool to adjust fundamental properties like storage stability and drug release in pharmaceutical technology. Due to this importance, the motions in phospholipid membranes have been studied with a variety of techniques for more than 20 yearswith and without additives.
For pure phospholipids, it was found that the dynamics is much faster on a picosecond time scale as observed with quasielastic neutron scattering (QENS) than with more macroscopic techniques as e. g. fluorescence recovery after photobleaching (FRAP). This was explained with the free volume model [5] which states that the two techniques observe different processes. It was assumed that the fast motion which is observed by QENS corresponds to the rattling of the molecules in a cage of their neighbors from which they escape from time to time into an opening void due to thermal fluctuations. This hopping process from void to void was then thought to be the fundamental step of the slow longrange motion measured by FRAP.
To date, evidence accumulates that this microscopic picture is not correct [6, 7] . The hopping motions which were proposed as transition from the fast shorttime dynamics to the slow long-time dynamics were never observed. Instead, it seems that relaxation in the membrane takes place through cooperative processes [8] . The molecules perform flow-like motions together with their neighbors, taking the cage of neighboring molecules with them [6] .
These flow-like motions have so far not been detected with macroscopic techniques such as nuclear magnetic resonance (NMR), fluorescence correlation spectroscopy (FCS), or FRAP which means that the motion, i. e. the mean squared displacement (msd), of a single molecule becomes diffusion-like on a submillisecond time scale. This does not conflict with a decay of the correlation between molecules on a microsecond time scale [9] , which only requires that the mean-squared displacement of neighbouring molecules become diffusion-like in a correlated manner. This would for example be the case if a patch of neighboring molecules participates in several flow events in random directions: Even if the molecules in the patch itself stay correlated among each other, the trajectory of each molecule becomes diffusive.
The collective relaxations seem to be closely related to dynamic heterogeneities [10] [11] [12] observed in simple liquids, colloids, and other systems [13] [14] [15] [16] [17] [18] [19] . To demonstrate this similarity, we have performed a state-of-the art molecular dynamics (MD) simulation of a canonical (NVT) ensemble of a 2D-Lennard-Jones liquid, following previous studies [20] . The 1024 particles were distributed inside a square 2D-box of 25.237 nm side length and equilibrated for 10 6 time steps, corresponding to 1 ns, followed by a 100 ps production run. The Lennard-Jones potential between two particles i and j located at a distance r i j from each other is given by 
The parameter σ i j = 0.7 nm was chosen inspired by phospholipid molecules [21, 22] and i j = 5.0 kJ/mol close to the thermal kinetic energy of particles in a two dimensional system to be in the fluid phase. Periodic boundary conditions were applied and a Berendsen temperature coupling with time constant of 50 fs to a temperature bath with 310.14 K was used.
By connecting the positions for each particle at time t = 1.0 ns with its position 100 ps later by an arrow, the picture in Fig. 1 was obtained. It can be seen that neighboring particles move often collectively with similar speeds and directions and that different areas move very differently -some patches are nearly static while others move with relatively high velocities. These are the so-called dynamic heterogeneities. As mentioned above, this picture strongly resembles similar representations of the simulated dynamics of DPPC molecules in bilayers [6] . The similarity of the displacement patterns observed in 2D Lennard-Jones systems and phospholipid membranes has also been observed recently in other simulations [23] .
We suggest that this similarity indicates that the mobility of the molecules on the picosecond time scale is determined mainly by the closely 2D-packed head groups of the phospholipid molecules which were compared to a densely packed 2D liquid already before [22] . In comparison, the tail groups are more loosely packed at temperatures above the main phase transition [24] . From colloids, it is well known that more densely packed systems exhibit slower dynamics [25] . We assume therefore that the dense phospholipid head groups are the limiting factor for the mobility.
Independently from the validity of the microscopic mechanism, free volume is accepted to play an important role in dynamic processes -at least these quantities are positively correlated [24, [26] [27] [28] . However, we will interpret the results also in the frame of correlated, flowlike motions.
In the present article, we discuss the influence of additives on the mobility of phospholipid molecules (dimyristoylphosphatidylcholine, DMPC) in this frame. We propose that the chain-like molecules myristic acid (MA) and farnesol increase the area covered by the membrane but not the density -and do therefore not change the mobility. Cholesterol increases the density in the chain area and hereby causes a decrease of the mobility. In contrast, the co-emulsifier sodium glycocholate (NaGC, SGC) has basically no influence which can be explained by the larger hydrophilic head group. 
Materials and Methods

Samples
D 2 O (99.90%) was supplied by Euriso-Top, Gif sur Yvette, France. The phospholipid DMPC was purchased from Lipoid GmbH, Ludwigshafen, Germany and used as received. All other substances (myristic acid, cholesterol, farnesol, and sodium glycocholate) were obtained from Sigma Aldrich, Münster, Germany and also used without further purification. The relevant molecular structures are displayed in Fig. 2 .
The additives were mixed with the phospholipid in the ratios given in Table 1 with mole fractions x additive of up to 40 mol%. The mixtures were then exposed to a saturated D 2 O atmosphere at 40°C for at least 48 h until a clear sample consisting of randomly-oriented liquidcrystalline domains formed. Finally, additional D 2 O was added to ensure full hydration during the whole experiment. All samples were bulk samples to exclude potential disturbing effects of a support. DMPC is a typical phospholipid with amphiphilic properties due to its hydrophilic head and hydrophobic tail groups. When adding water (or D 2 O), it self-assembles in bilayers and forms liquid crystalline phases. In both, H 2 O and D 2 O, it has a main phase transition at 24°C which is attributed to the melting of the chains. The macroscopic diffusion coefficient below the main phase transition has been found to be about one order of magnitude below the one above the main phase transition [29] . Phospholipids like DMPC can be used to stabilize dispersed particles with respect to aggregation and coalescence. In this case, DMPC acts as an interface active substance and stabilizes the particles by forming a molecular monolayer in the interface between the particle and the dispersion medium. Myristic acid is a water-insoluble chain-like molecule which is the fatty acid contained in DMPC. Previously, it was found that stearic acid generates a slight positive excess volume at low concentrations [30] . Free fatty acids can cause cell death which was attributed to an increased membrane permeability for hydrophilic substances [31] . The phase diagram of the myristic acid -DMPC -water system as a function of the myristic acid mole fraction x MA is known [32] . During the preparation of the samples, it was observed that their viscosity increased significantly with increasing amount of MA.
Basic Properties of the Samples
Farnesol is insoluble in water, too. Due to the double bonds it is stiffer than MA. It can cause apoptosis which, however, seems to be caused by interactions with proteins rather than with the membrane [33] . The phase diagram of the farnesol -DMPC -water mixture as a function of the farnesol content was studied e. g. by NMR [34, 35] .
Cholesterol, also insoluble in water, is known to increase the membrane bending rigidity [36] and to suppress the phase transitions of the phospholipid [37] . Cells use it to regulate the properties of the cell membrane [38] . It is known that it has a condensing effect on the membrane, as summarized by Róg et al. [39] , which corresponds to the filling-up of voids in the lipophilic core of the membrane [40] . A simultaneous decrease of phospholipid mobility was observed by several groups [24, 26, 27, [41] [42] [43] [44] but also an increase of the dynamics has been reported [45, 46] . The motions of cholesterol in phospholipid membranes was also previously studied with QENS [47] , complementary to the present study of the phospholipid motions. The phase diagram of the cholesterol -DMPC -water system is well studied, for example by differential scanning calorimetry [48] and electron paramagnetic resonance (EPR) [43] .
Sodium glycocholate is a water soluble ionic surfactant with a critical micelle concentration of about 8 mM [49, 50] . It is used in the digestive system to emulsify fatty substances and hereby enabling absorption [38] . In pharmaceutical technology, it is used to stabilize dispersions which undergo a phase transition of the dispersed phase from liquid (production) to solid (storage). During crystallization, the interface of the paricles expands abruptly due to the change of the particle shape from spherical to platelet-like. In dispersions stabilized by phospholipids, it is assumed that the newly formed interface cannot be stabilized fast enough to avoid aggregation. It was found that these instabilities can be prevented when using NaGC as costabilizer [51] . The stabilizing property of NaGC is attributed to its high mobility. One question addressed in this contribution is whether this kind of rapidness in covering freshly generated interfaces can be observed by QENS. During preparation of the samples, it was observed that samples containing NaGC were more fluid and had a less turbid appearance.
Neutron Scattering
The focus of this work is the influence of additives on the motion of phospholipid molecules on a picoto nanosecond time scale as observed with quasielastic neutron scattering. An advantage of neutron scattering with respect to other methods like electron paramagnetic resonance spectroscopy or fluorescence correlation spectroscopy is that marker molecules are not needed [52, 53] .
The measurements were performed with the neutron time-of-flight spectrometer TOFTOF [54] at the research reactor FRM II (Garching, Germany), equipped with a temperature-controlled sample environment. Neutrons with well-known momentum and energy interact with the sample. The resulting changes in momentum and energy give access to structural and dynamical information, respectively [55, 56] . The uncertainty of the determination of the energy transfer between sample and neutron determines the interaction time of the neutron and the nuclei, the observation time. Several factors influence this uncertainty, among them the initial neutron wavelength and the sample geometry. Two measurement series were performed, both giving access to Q ≈ 1 Å -1 , and to time scales of 60 ps and 900 ps, respectively [57] .
To realize the 60 ps measurement, the samples were filled into hollow cylindrical aluminum sample containers, minimizing self-shielding effects [58] , with a sample layer thickness of 0.2 mm. An incident neutron wavelength of 6 Å, a chopper rotation speed of 12000 rpm, and a chopper ratio of 4 were chosen, leading to an elastic line width of about 60 µeV and an accessible Q range of about 0.4-1.8 Å -1 . For the 900 ps measurement, a flat sample holder was used which was oriented such that its surface normal pointed to a scattering angle of 135°measured towards the location of the detectors, hereby minimizing flight-time uncertainties at the expense of a strong selfshielding around scattering angles of 45°. The corresponding spectrometer settings were 14 Å, 16000 rpm, 4 and ratio 8, leading to an elastic line width of only 4 µeV and an accessible Q range of about 0.1-0.8 Å -1 . The raw data were converted to depend on energy transfer rather than time of flight, determining the time of flight of elastically scattered neutrons from a measurement of vanadium in the same geometry as the respective sample. All scattering intensities were corrected for self absorption effects. The energy-dependent detector efficiency was corrected and the detector sensitivities were calibrated using the elastic scattering of the vanadium standard scatterer, neglecting the smooth dependence of the scattered intensity described by the Debye-Waller factor [59] .
Diffraction patterns were obtained by integrating the double differential cross section d 2 σ/dΩ/dω over an energy range ω that covered twice the instrumental resolution, similar to a so-called elastic scan which is often used to evaluate the motions of biomolecules.
For the evaluation of the quasielastic scattering, the double differential cross section was converted to the scattering function S (2θ, ω) by multiplication with the ratio of the moduli of initial and final neutron wave vector [55] which was subsequently grouped into slices of constant Q [59] . For the 60 ps measurement, the bins in Q were chosen to have a distance of 0.1 Å -1 in the range between 0.4 and 1.8 Å -1 and the bins in ω ranged from -1.00 to 1.00 meV with a step width of 10 µeV. The 900 ps measurements were grouped in Q from 0.50 to 0.76 Å -1 in steps of 0.09 Å -1 and in ω from -50 to 100 µeV in steps of 1 µeV. At lower values of Q than evaluated here, the self-shielding of the flat sample geometry and the coherent scattering of the sample, cf. Fig. 3 , make a reliable calculation of the incoherent scattering signal impossible. A D 2 O background measurement was pro rata subtracted. The scattering angle dependent instrumental resolution was determined by the width of the elastic line of a vanadium measurement.
Due to the large incoherent neutron scattering cross section of hydrogen and the masking of the water by deuteration, the scattering signal of D 2 O constitutes only about 5 % of the total scattering signal and can be subtracted without problems. The evaluated signal is caused by all organic molecules in the sample, dominated by the phospholipid due to its high concentration. Even in the samples with high cholesterol content, at least 70 % of the scattering signal are caused by the phospholipid.
Data Analysis
As done previously [7] , one can create a mathematical model of the phospholipid molecules which incorporates several kinds of motion (e. g. a long-range translational flow-motion and two kinds of internal molecular reorientations). This model is fitted to the data, allowing to extract the parameter values (e. g. the width of the narrowest component which gives the flow velocity). This approach has the advantage of giving concrete numbers, for example for the flow velocity, but the disadvantage that these values can depend on the choice of model.
As this contribution is not focussed on a detailed model of molecular motion or the extraction of absolute parameter values but on the relative change of mobility induced by additives, a model-independent data evaluation was performed. Two quantities are suitable for that purpose: the elastically scattered intensity and the full width at half maximum. Often, the msd is extracted from the elastically scattered intensity. However, this method is not particularly sensitive to the long-range motion, and can easily be influenced if the background is insufficiently corrected. Therefore, the full width at half maximum (FWHM) was extracted from the scattered intensities as a function of Q. Digitization effects were avoided by a linear interpolation between the two points on either side of the half maximum [59] .
To get a measure of the broadening caused by the sample on top of the instrumental resolution ∆(Q), the FWHM of the vanadium standard was subtracted from the sample FWHM to obtain ∆(Q). If the signal caused by the sample is Gaussian, ∆(Q) is indeed its FWHM. For a Lorentzian broadening, ∆(Q) is in the region of interest about 70 % of the FWHM but is in very good approximation proportional to it. It is therefore in both cases a valid measure of the broadening. All results will be shown in this form.
For the samples containing cholesterol, in an additional step we divide the ∆(Q) obtained from samples with additive by the ones of pure DMPC at the corresponding temperature. As the width is proportional to the mobility of the particles, this gives directly the ratio of mobility of the samples with additive compared to the one of pure DMPC. It was observed that the result depends hardly on Q, as expected. Therefore, an average over all values of Q was taken which we denote with relative mobility.
Results
Structural effects
The low-Q region of the diffraction patterns is shown in Fig. 3 , obtained from the measurements with an incident neutron wavelength of 14 Å. It can be seen that the 5 resulting diffraction patterns drop slightly with increasing Q. This is not connected to structural properties of the sample but is rather caused by the motional broadening of the quasielastic line which makes intensity move out of the integrated energy transfer region. The peaks are caused by the coherent scattering interferences due to the repeating units of the bilayers in the direction of the surface normal. It can be seen that the overall diffraction pattern and therefore the bilayered structure of the membrane stacks is conserved. The peak position does not shift upon addition of 10 mol% farnesol, meaning that the repeating distance of the bilayers is not affected. A shift to lower values of Q can be observed when adding either 10 mol% of cholesterol or sodium glycocholate, corresponding to an increase of the repeating distance. The trends in the diffraction patterns of cholesterol agree with the ones observed by X-ray scattering [60, 61] and MD simulations [62] .
There is another correlation peak in the diffraction patterns at higher values of Q caused by the repeating distances of the chains within the membrane plane, becoming visible in the measurements using an incident neutron wavelength of 6 Å (not shown). While it is quite pronounced at 1.5 Å -1 at 20°C, it smears out drastically and moves to about 1.4 Å -1 at temperatures above the chain melting transition. The additives do not change the position of this peak which does however not allow conclusions about a possible change of the area per lipid [22] . The peak height decreases with increasing cholesterol content, in agreement with previous studies [63] .
Molecular mobility on a 60 ps time scale
While the diffraction patterns, obtained from integration of the energy-dependent spectra, yield infor- mation about the structure of the sample, the energydependence itself is connected to the motions of the molecules. Looking at a time scale of about 60 ps, the central line is visibly broadened compared to the one of a vanadium standard (instrumental resolution) of 60 µeV as can be seen in Fig. 4 exemplarily for some samples. The spectra -and therefore the observed motions -of the different samples are quite similar on this time scale.
The full width at half maximum ∆(Q) as defined above was extracted from the data at different momentum transfers Q. All spectra exhibit a line which is significantly broader than the instrumental resolution. All ∆(Q) show a small dip at Q = 1.5 Å -1 at 20°C which shifts to about 1.4 Å -1 at higher temperatures as can be 6 seen in Figs. 5 and 6. This is due to the so-called de Gennes narrowing at the structure factor maximum of a disordered phase. Therefore, these dips in ∆(Q) coincide with the peaks at large Q in the diffraction patterns discussed above.
The addition of myristic acid does not induce changes of this feature. Farnesol makes the dip less pronounced, especially at 20°C, in contrast to cholesterol which also reduces the dip -except at 20°C, similar to sodium glycocholate.
For a quick overview of the different effect of different substances, ∆(Q) of pure DMPC and samples with 10 mol% of all the studied additives except MA are compared with each other in Fig. 5 . At 20°C, below the main phase transition, the additives cause either no effect or an increased mobility compared to the pure DMPC. At the higher temperatures, farnesol seems to cause a small increase of the dynamics while cholesterol and NaGC slow the motions down by more or less the same amount.
Looking in more detail at the concentration dependent influence of the different additives one at a time in Fig. 6 , it is evident that the addition of myristic acid has no systematic influence on the 60 ps dynamics of DMPC in its fluid phase; there is a trend towards lower mobility which is more pronounced at 20°C. A systematic increase of the dynamics is observed for the Farnesol doped samples on the time scale of 60 ps, both, below and above the main phase transition. The addition of cholesterol does not change the dynamics at 20°C at all but shows a clear systematic effect on the dynamics above the main phase transition. This decrease is rather continuous, compatible with NMR measurements [44] . Sodium glycocholate affects the line width similar to cholesterol above the main phase transition. Additionally, it enhances the dynamics at 20°C slightly but not as much as farnesol.
Molecular mobility on a 900 ps time scale
On a time scale of 900 ps, the differences between the spectra are more pronounced (cf. Fig. 7 ). However, it becomes already clear when looking at the spectra that the influence depends very much on the type of additive: NaGC shows hardly any effect whereas cholesterol narrows the line considerably (which is still clearly broader than the instrumental resolution).
This picture is confirmed by the extracted widths ∆(Q) of the 10 mol% samples compared with the one of pure DMPC in Fig. 8 : on a time scale of 900 ps and at a temperature of 40°C, none of the probed additives causes an increase of the dynamics. Instead, farnesol and NaGC have basically no influence on the speed of the motions. Indeed, the width extracted from the samples with 10 mol% farnesol or sodium glycocholate differ by only 1% from the one of pure DMPC. In contrast, cholesterol causes a slowing down which is much more pronounced than on the 60 ps scale.
The quasielastic broadening of measurements with increasing cholesterol content is displayed in Fig. 9 . The dynamics decreases continuously with increasing cholesterol concentration.
Discussion
Different motions dominate the msd of atoms and molecules and hereby the signal of a QENS experiment when studying a sample on different time scales [57] : On a short time scale, fast motions -which are mostly reorientations within the molecule -predominate. On longer time scales, these motions can only contribute a constant to the msd which is then governed by the slower but non-localized motions of the whole molecule. Within the short times, the molecules explore their immediate vicinity whereas the larger motions have already previously been interpreted in the frame of flow-like motions of transient assembling patches of molecules in the membrane [6, 7] .
It is not surprising that these flow motions resemble the dynamical heterogeneities observed in 2D LennardJones fluids, colloidal systems or granular media as the head groups form a dense 2D system. As the density in the head region is larger than the one in the tail region [24, 64] , we speculate that the mobility of the phospholipid molecules in the native membranes will be governed by the interaction of the head groups.
Additives can influence the head and tail region separately by increasing or decreasing the respective density. If an additive caused a density in-/decrease in the head region, this would translate directly into a de-/increase of the DMPC mobility. For the more loosely packed tails, the connection is more intricate: A density decrease would not cause a further increase of the mobility as the head groups are the limiting factor already. Nevertheless, when increasing the density in the tail group region of a membrane by additives, a reduced mobility of DMPC molecules should be observed.
Thus, we suggest to interpret the influence of additives on the dynamics of DMPC in the liquid crystalline phase according to the amount of free volume in the DMPC bilayer created or annihilated by the intercalation of guest molecules and the influence of this free volume on the flow-like motions in the membrane. The results of our measurements, summarized in Tab. the different additives, are discussed in this sense below. We would like to stress that we do not see this as a support for the free volume theory which relies on further assumptions such as jump-like motions of the molecules.
If only the head region is densely packed, the displacements of the molecules will be caused by the density fluctuations there. If also the tail region is densely packed, the molecules will be influenced also by density fluctuations in this region. Should the fluctuations in the two regions be completely correlated, there will be no influence on the flow-like motions of the molecules. Every decorrelation between the two will decrease the persistence time of a flow event of one molecule. This interpretation also agrees with results from coarse-grained simulations which found a disrupting effect of cholesterol on the collective diffusion of the phospholipid molecules [65] . A reduction of the flow time and correspondingly flow length of a random walk translates directly in a reduction of the resulting diffusion coefficient.
Myristic Acid
Although the effects of myristic acid as an additive did not cause a significant effect on the microscopic scale (cf. Fig. 6 ), drastic changes of the macroscopic behavior (increasing viscosity) of the phospholipid were observed already for low myristic acid concentrations. It cannot be excluded that stronger effects would be visible if the concentration could be increased to levels comparable to, e. g., cholesterol. But this does not seem 9 60 ps 900 ps not to be very likely because myristic acid is a chainlike molecule and can thus be expected to be oriented mainly parallel to the DMPC chains. The hydrophilic carboxyl group can be expected to stick into the headgroup region of the DMPC layers. Therefore, myristic acid should not fill up free volume in the tail region of DMPC bilayers and should also not alter their head group packing significantly [30] . This is in agreement with corresponding studies using short chain alcohols as additives where also no effect on the phospholipid dynamics was observed [66] .
Farnesol
The behavior of farnesol inside DMPC bilayers seems to be similar to the one of myristic acid. From NMR measurements, it could not be determined whether the molecules intercalate between the DMPC molecules or are placed in between the two leaflets [35] . The diffraction patterns in Fig. 3 show no influence of Farnesol on peak distance and height of the first two layer repeating peaks. Although we cannot exclude that a change in the bilayer thickness is exactly componsated by an accompanying change in water thickness, we see no evidence for a change of the bilayer thickness upon the addition of farnesol. This indicates that the molecules intercalate between the DMPC molecules.
Respecting that the effect on the mobility of DMPC is negligible, we conclude that the molecules align themselves along the phospholipid molecules similar to the case of myristic acid. It is known from NMR measurements [34] that farnesol has a different influence on the surrounding phospholipid molecules compared to cholesterol. While cholesterol causes an increase of the molecular oder parameters, farnesol does not. However, farnesol lowers the main phase transition temperature which might explain the unusual increased dynamics at 20°C: the addition of farnesol probably induces a melting of the phospholipid chains.
Cholesterol
Cholesterol causes an increasing thickness of the membrane. This was also observed by X-ray diffraction and simulations and reflects the condensation effect [39, 60, 61] . The incorporation of cholesterol into the phospholipid membrane can be understood in the frame of the umbrella model [67] : The hydrophobic cholesterol molecule resides between the hydrophobic tails of the phospholipids. The hydrophilic heads of the phospholipid shield the tails and cholesterol from the surrounding water. This leads to an increase of the density in the hydrophobic part of the bilayers.
This density increase reduces the free volume in the chain region of the DMPC molecules. In this situation, the mobility of the phospholipid molecules is no more mainly determined by the dynamic inhomogeneities in the densely packed head groups but also by those in the now more closely packed tail groups resulting in a significantly slower molecular transport.
The influence of cholesterol on DMPC as seen with quasielastic neutron scattering in the present study is summarized in Fig. 11 : the widths ∆(Q) are normalized to the widths of pure DMPC at the same temperature and averaged over all Q values, yielding the relative mobility. It can immediately be seen that in no case addition of cholesterol causes an increased dynamics of DMPC.
The motions detected within an observation time of 60 ps are not affected by the addition of cholesterol at temperatures below the main phase transition. At temperatures above the main phase transition, the tails experience the density increase caused by cholesterol. The relative decrease of the linewidth is completely identical at 30°C and 40°C for all measured cholesterol concentrations which indicates that the observed motions are not sensitive to the absolute distance from the phase transition temperature as one might expect for local motions. 10 
20°C, 60 ps 30°C, 60 ps 40°C, 60 ps 30°C, 900 ps 40°C, 900 ps 40°C, 100 ms (NMR) Figure 11 : The relative mobility (mobility normalized to the one of pure DMPC, cf. text) as a function of cholesterol concentration at different temperatures. Open symbols are extracted from measurements with an instrumental resolution of 60 µeV, corresponding to an observation time of 60 ps; closed symbols are extracted from measurements with an instrumental resolution of 4 µeV, corresponding to an observation time of 900 ps. NMR measurements taken from Filippov et al. [44] at 40°C are also shown. The phase boundaries are drawn after EPR results of Sankaram [43] and are only valid for the displayed measurements. They are only displayed to show the respective phases of the measurements and do not represent a phase diagram.
The mobility decrease of DMPC is enhanced when looking on a time scale of 900 ps where the influence of 5 mol% cholesterol affects the phospholipids more strongly at 30°C than at 40°C. The corresponding motions are, therefore, more sensitive to an increase in density if the sample temperature is closer to the main phase transition temperature which we see again as a signature of the long-range nature of this motion.
Also other techniques were used to measure the longrange motion of the phospholipid molecules. MD simulations [24] of the phospholipid DPPC at 50°C, i. e. 8 K above the main phase transition of pure DPPC, show a strong impact of cholesterol on the phospholipid mobility on a 100 ns time scale -stronger than our measurements at 40°C, even a bit more than the one at 30°C, i. e. 6 K above the main phase transition of pure DMPC.
Fluorescence correlation spectroscopy of the phospholipid DLPC [42] on a 10 ms time scale at 25°C, i. e. 27 K above the main phase transition of DLPC, shows an impact of cholesterol on the dynamics which is very comparable to the results obtained on a 100 ms time scale with NMR [44] for DMPC at 40°C.
The comparison between all these results is not straightforward as different temperatures and even phospholipids were used. Only the NMR measurements were done with exactly same temperature and phospholipid as studied here and show a very good agreement with our results. All these techniques measure on longer time scales than QENS and we would therefore expect them to show a stronger impact on the dynamics -as they do. The NMR data also show a stronger influence of cholesterol on the phospholipid motions the closer the temperature to the main phase transition is.
Much in contrast, two measurements on even larger time (about 10 s) and length scales using FRAP [41, 43] observed a smaller impact of cholesterol on the dynamics. The degree varies between the measurements, one [43] even observes no impact up to about 15 mol% cholesterol in the sample. The difference between the FRAP measurements and the values obtained by NMR were discussed in terms of the susceptibility of FRAP to the formation of microdomains in the membrane [44] .
Sodium glycocholate
Sodium glycocholate is a charged molecule. It is known that charged phospholipids induce an increase of the thickness of the water layer between the bilayers but not of the membrane itself [68] . This swelling is the thickness increase observed in the diffraction patterns. At low concentrations, the influence of NaGC on the dynamics of the phospholipid is similar to the one of cholesterol. However, cholesterol is uncharged, has not such an influence on the structure and can, therefore, be present in membranes in much higher concentrations.
The practical importance of sodium glycocholate is based on its ability to stabilize emulsions even during crystallization of the oily phase. In the case of triglyceride or alkane nanoemulsions, the shape of the stabilized particles changes drastically during crystallization: from a spherical droplet to an elongated crystalline platelet. This is connected to a sudden increase of the surface of the particle. One could imagine that this results in a partial coverage of the particle with stabilizer -the uncovered surfaces are then the origin of aggregation. A redistribution of the stabilizer onto the naked surface could prevent aggregation, happens however so slowly that the aggregation took place before.
As the addition of sodium glycocholate prevents aggregation, it could have had the effect of enhancing the dynamics of the phospholipid, making the redistribution of the stabilizer so fast that aggregation is suppressed.
However, sodium glycocholate does not influence the phospholipid dynamics. It can be excluded that it did not mix with the phospholipid because it is water soluble, caused a decrease of viscosity, made the sample more transparent, and changed the bilayer spacing. As NaGC is hydrophilic, an enhanced partition 11 into the chain region should not be expected. We see two likely structural arrangements: Either the NaGC is intercalated inside the bilayer oriented with the hydrophilic part in the region of the phospholipid head groups and the hydrophobic part in the chain region of the bilayer. Obviously, this leads to hardly any change in the free volume in either region of the membrane. Or -as already previously speculated for sodium cholate in lecithin [69] -a flat placement of the molecules on the bilayer in the head region. This would lead to a density decrease in the tail region which would, as we have argued before, not influence the dynamics.
Other influences on membrane dynamics
Using NMR, the influence of the antimicrobial peptide gramicidin was found to be comparable to the one of cholesterol on a sub-nanosecond time scale [70] . Also neutron scattering experiments showed a decreased mobility on a time scale of about 150 ps [71] . Our results are in good agreement with the view that the effects caused by gramicidin are directly comparable with the ones caused by cholesterol. However, we would like to point out that the underlying mechanism might be very different as gramicidin is approximatively barrel-like [72] and does therefore not increase the density in the tail region. However, the same study showed that the hydration of the phospholipid molecules in the vicinity of the peptide is decreased. A decreased hydration is in turn known to decrease the dynamics [73] so the decreased hydration might actually influence the dynamics more than the change in density.
In MD simulations, it was observed that proteins in the membrane cause a slowing down of adjacent phospholipid molecules [23] . This effect could be reproduced for a number of different proteins in the membrane and also 2D Lennard-Jones systems which suggests that this effect is partly caused by the obstacles hindering phospholipid motions, and complemented by specific effects due to protein-lipid interactions.
Whereas these interactions of phospholipids with peptides and proteins might be dominated by other effects than density changes, their aforementioned use as stabilizer in suspensions and emulsions could be directly influenced by the density as it might very well be that the amount of phospholipid is lower than what one would need for a full monolayer around the particles. Preliminary results indeed seem to show that the effect of decreasing mobility upon increasing density can hereby be reversed, observing increasing dynamics when artificially decreasing the density by stretching a monolayer [28, 74] .
Conclusion
Summarizing, we studied the effect of several additives on the dynamics of the phospholipid DMPC on time scales of 60 ps and 900 ps. Myristic acid and farnesol, two more linear, chain-like molecules seem to incorporate into the membrane without modification of the mobility. Cholesterol has a pronounced slowing down effect on the dynamics. This effect can be qualitatively understood assuming that the persistence lengths of flow patterns decrease. The flow-like mobility of the molecules are the equivalent to dynamic heterogeneities observed in supercooled liquids, suspensions and granular systems. Sodium glycocholate has -in contrast to its strong macroscopic influences -no effect on the mobility.
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